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MODIFICATIONS OF THE CLOSURE
PRINCIPLE FOR ANALYZING
TOXICOLOGICAL STUDIES

LubpwiG A. HOTHORN, PHD

University of Hannover, Hannover, Germany

A Drug Information Association Workshop on “Statistical Methodology on Non-Clinical
and Toxicological Studies” was held on March, 25-27, 1996. The purpose of this meeting
was to discuss the appropriateness of current and new biostatistical methods in this
field of drug development. This paper proposes a simple closure test for dose-response
relationships under real data conditions. This approach takes into account deviation from
variance homogeneity and monotonicity assumptions. Moreover, this approach can be
easily adapted for “any” kind of two-sample tests, for example, nonparametric, dichoto-
mous, censored, and so forth. Power was compared by a simulation study for selected

conditions.
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INTRODUCTION

THIS ARTICLE DESCRIBES a simple clo-
sure testing procedure for dose-response re-
lationships under real data conditions. Al-
though this approach can be used for
randomized clinical trials, pharmacological
studies, and several toxicological studies, for
example, reproductive toxicity, repeated tox-
icity studies (1) are considered here for ana-
lyzing the dose-response relationship. A one-
way design: {C—, Dy, .., D,} (with C—. ..
negative control; D ... dose group; with k
not too small € 2,3,4) is assumed and multi-
ple endpoints of a different scale, for exam-
ple, approximate gauBlian distributed (eg,
body weight), a highly skewed distribution
(eg, ASAT enzyme), dichotomous (eg, num-
ber of animals that died/number of animals
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at risk), or ordered categorical (eg, scored
histopathological findings). Independent uni-
variate analyses of the dose-response rela-
tionship should be performed, however,
based on the same methodology. Only
model-free approaches should be discussed
here, because a priori in such “screening”
studies a mode) for the profile cannot be as-
sumed, even for a single endpoint.

The purpose of toxicological studies is
safety assessment by comparing the doses
to the concurrent negative control (many-to-
one comparisons). Traditionally, the classical
hypotheses are used: null-hypothesis for no
difference and alternative hypothesis for a
difference (or one-sided for an increase). In
this setting, type I error o represents produc-
er’s risk and type II error § consumer’s risk.
A direct control of producer’s risk (via a
priori definition of o) is possible, but control
of consumer’s risk is of primary concern in
risk assessment. Therefore, Hauschke (2,3)
proposed the reversing of the hypotheses in
the sense of a k-sample equivalence problem.
For this approach a threshold & must be de-
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fined a priori or a posteriori. In toxicological
studies with a primary endpoint, for example,
number of revertants, such an approach can
be used, as demonstrated for the Ames muta-
genicity assay by Neuhiduser and Hothorn
(4,5). In the multiple endpoint “screening”
studies for repeated toxicity, however, this
equivalence approach seems to be difficult.
Therefore, the traditional hypotheses will be
used here. In a k-sample design, the problem
of multiple comparison exists. A general dis-
advantage of multiple comparison proce-
dures is the loss of power (=increase of type
II error) with an increasing number of com-
parisons. This increase of consumer’s risk
is exactly what should be avoided in safety
studies. Therefore, this paper describes ap-
proaches with power as high as possible.
Modifications of the closure principle will be
used. But this represents a testing approach: a
reject/accept decision only. Alternatively, the
confidence interval could be used, including
more information. This will be not discussed
here. Power depends not only on the type of
trend test, however, but also on the robust-
ness against violation of the a priori assump-
tions:

¢ Variance heterogeneity,

e Lack of balance,

e Unknown shape of the dose-response rela-
tionship,

¢ Possible downturns at high doses, and

o Different endpoints.

For these conditions robust and simple modi-
fications will be presented here.

A global trend test, for example, the well-
known Jonckheere (6) trend test, is not suffi-
cient for repeated toxicity studies, because
the only decision possible is trend/no trend.
Local answers, for example, no observed ef-
fect dose (NOED), are also needed. The NOED
significance approach used here should be
assumed roughly as minimal effective dose
(MED)—1. The closure principle according
to Marcus et al. (7) is one possibility for
combining global and local decisions without
additional o effort.

Ludwig A. Hothorn

THE CLOSURE PRINCIPLE UNDER
ORDER RESTRICTION

Principle

The closure principle according to Marcus et
al. (7) contains the following elements:

¢ Definition of the elementary hypotheses,
for example, all-pair comparisons, many-
to-one comparisons, comparisons between
successive dose steps, and so forth,

¢ Constructing the closure hypotheses system
by partial hypotheses up to the global hy-
pothesis,

o Application of suitable level a test for each
hypothesis (the choice is free), and

¢ Conditionally testing from top to bottom,
each at level o

Definition of the Elementary Hypotheses

Figures 1 and 2 show the closure system for
k =4 groups. The comparison of successive
dose steps to estimate the highest effective
dose step is not relevant in toxicological stud-
ies. Closure tests which are relevant for clini-
cal trials were described by Budde and Bauer
(8), Bauer and Budde (9), and Rom et al. (10).

Choice of Contrast Tests

Trend tests can be distinguished according
to their consideration of the dose levels into
the test statistics: direct (respective as a trans-
formed score) or qualitative only. It could be
assumed that only qualitative consideration
would yield an information loss and conse-
quently a loss in power. This is not, however,
true in general. On one hand, the dose levels
may not be optimal and better scores should
be used (11), and on the other hand dose
levels in toxicological studies are often se-
lected in expectation of a linear dose re-
sponse relationship to either linear or loga-
rithmic dose scale. For the a priori unknown
profile of the dose-response relationship,
model-based trend tests show a poor power
if the preselected model and the data differ.

Moreover, in the parametric context, trend
tests can be seen as contrast tests. Barlow et
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FIGURE 1. All-pair comparisons.

al. (12) demonstrated that the likelihood ratio
test is a contrast test with infinity contrasts.
Robertson et al. (13) revealed that Williams’
(14,15) MLE-test is a special form of multi-
ple contrast test (consisting of a pairwise and
several reverse Helmert contrasts). Mehta et
al. (16) revealed that the regression approach
according to Tukey et al. (11) (a corrected
version was published by Capizzi et al. [18])
is also equivalent to multiple contrast tests.

One of the problems in application of
trend tests is their reliance on the a priori
unknown shape of the dose-response profile.
For instance, using the concept of Pitman
asymptotic relative efficacy (Ratio of sample
sizes to guarantee the same power for o =
0,8 = 0. n, = oo, or ratio of the power func-
tion in the point o) the efficacy for several
contrasts and selected dose-response profile
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H
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FIGURE 2. Many-to-one comparisons (one-
sided ordered alternative hypothesis for
MED-estimation).

contrasts in relation to the best power con-
trast can be compared according to Neu-
hiduser (17) (Table 1).

From this table it can be concluded that
the loss in power for the nonoptimal contrast
test depending on the a priori unknown pro-
file is large. Moreover, this loss in power
occurs over a broad region of the noncentral-
ity parameter 8. The power of Helmert and
reverse Helmert contrasts (19) can be simply
computed by noncentral t-distribution. Fig-
ure 3 shows for two extreme shapes: convex
and concave, the power of both contrasts for
k=4, n, =const= 10, and o = 0.05. It is easy
to see that for convex profiles, the Helmert
contrast is much more powerful than reverse
Helmert contrasts, and for concave profiles
the opposite is true. This power difference is
dramatic even for small shifts. It should be
made clear that, in principle, the shape of
the dose-response relationship is unknown a
priori. Several concepts are now used to deal
with this problem:

e Ignoring this important fact: this is a com-
monly used practice but it is not acceptable
in safety studies (due to a dramatic power
loss),

¢ Looking at the data, characterizing a profile
type. selection of the best suitable trend
test represents one kind of hunting for sig-
nificance,

e Bartholomew’s (20) LRT test: a good ver-
sion but limited to some ideal conditions,
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TABLE 1
Efficacy of Several Contrasts (k = 3)
Linear Convex Concave
Contrast Profile Profile Profile
Helmert 0.60 optimal 0.1
Reverse Helmert 0.60 0.11 optimal
Maximin 097 0.65 0.65
Linear optimal 0.60 0.60
Jonckheere-Analogon* 0.84 0.93 0.28
Jonckheere-Reverse-Analogon 0.84 0.28 0.93
Pairwise 0.90 0.67 0.67

*A new form of a parametric contrast according to Neuhauser (17).

e The multiple contrast test according to
Mukerjee et al. (21,22), and

o The adjustive approach according to Neu-
hiuser (17).

Contrast tests are simply defined by the
linear combination of the mean values and
univariate distributed:

2 o,

=0

o< { ﬁ
P’ 5 dt= Ln ks 1h.1-a

\jMQR ye oo

=0 !

k
with Y ¢,=0.

=)

Researchers have a choice of contrast coeffi-
cients; several versions were described in the
literature (Table 2). A comparison of some
contrast tests using several step-wise proce-

convex profile

03803511 ' 100

dures was recently published by Tamhane et
al. (26). The correlation between two con-
trasts according to Bechhofer and Dunnett
(27) in the variance homogeneity case 1s:

i

Y abin,

=)

& X )
Z alln, z blin,

= =0

pu.h =

k

If 2 a;b, = 0 the contrasts are orthogonal and
=0

uncorrelated. Numerous publications exist
on power comparison of several contrast tests
(also with comparison to the other trend
tests). The majority of the conclusions about
the advantage of a selected contrast test are
wrong due to ignoring the a priori unknown
shape. It is simply true that if the contrast
fits the empirical shape then the test power
is optimal, for example, for a linear shape

FIGURE 3. Comparison of power functions.
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TABLE 2
Selected Contrast Tests
Contrast Type Reference Coefficients ¢,
Helmert Ruberg (23) ¢=-1,i=01,..., k-1
Ck = k
Reverse Helmert Fligner and Wolfe (19) =k
¢=1,i=1,2,.
Maximin Abelson and Tukey (24 it
y (24) \j( ] \j(/+1) e
Pairwise Hothorn and Lehmacher (25) ¢, =-1
¢=0,i=1,2,..., k-1
Ck = 1
Linear Rom et al. (10) G =-k
c=c,+2,i=1,2,...,k
Jonckheere-Analogon Neuhdauser (17) G=-1
k
=3 vj)-1i=1,2... k-1
Fh-te]
[}
Cy = 2 1/]
al

the linear contrast, for a convex shape the
Helmert contrast is optimal, and so forth.

For the sake of simplicity and to allow
for generalization to any kind of two-sample
pairwise contrasts {C—vs. D,} will be used
here according to Hothorn and Lehmacher
(25). This represents a special case of the
principle of the a priori ordered test due to
its importance according to Maurer et al.
(28). The question arises: using such a simple
contrast does a power loss exist (ignoring the
information between doses)? In the paramet-
ric case (k = 4, n = 10) the power can be sim-
ply computed using noncentral t-distribution
(Table 3). It can be concluded that the pair-
wise contrast is a simple and average power-
ful competitor to Helmert or reverse Helmert
contrasts (representative of a broad class of
alternatives between convex and concave
profiles) in the case of an unknown dose-
response relationship.

Type of Order Restriction

On the one hand the dose response relation-
ship can be assumed to be strictly monotonic
and tests based on a total order restriction

can be used, for example, pairwise contrasts,
Helmert contrasts, reverse Helmert contrasts,
or the ML-procedure according to Williams
(14,15). On the other hand, in toxicology,
downturns at high doses are possible. Proce-
dures should be robust against this effect. In
this situation MCPs without order restriction
can be used, for example, in the parametric
case Dunnett’s (29) procedure (or its step-
wise modifications). Alternatively, partial
order restriction can be used, for example,
Shaffer’s (30) procedure. Based on ordered

TABLE 3
Power of Three Contrast Tests

Reverse
Expected values Helmert Helmert Pairwise

0,03,06,09 0.49 0.49 0.63
0,06,12,18 0.94 0.94 0.99
0,0,18, 1.8 0.94 0.94 0.99
0,09,09, 09 0.20 0.78 0.63
0,18,18,18 0.49 0.99 0.99
0,0, 0, 0.45 0.34 0.11 0.26
0,0,0,09 0.78 0.20 0.63
0,0,0, 135 0.90 0.34 0.79
0,0,0,18 0.99 0.49 0.99
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p-values pg <. . . pg the following decision
is made: if the smallest pg < ov/k reject H,
and all hypotheses implied by it, namely:
i+1,...,k(nodecision is made about these
doses). Go on to test the next dose i — 1 ver-
sus control at level o/(i — 1), and so forth.
Rom et al. (10) published an analogous test
for linear orthogonal contrasts based on the
decision: min py(Vcontrast tests) <t gpq.
This approach, however, is numerically diffi-
cult and limited in balance and gauBian distri-
bution. For continuous endpoints variance
heterogeneity (combined with lack of bal-
ance) reduces power much more than typical
violations of gauBlian distribution for stan-
dard procedures based on MQg, for example,
Dunnett (29) MCP or nonparametric MCP
(31) according to Ortseifen and Hothorn
(32). Therefore, tests should either be ad-
justed (eg, Welch-t-test) or the heterogeneity
should be taken into account as an additional
substance effect (eg, the use of a location-
scale trend test). Lack of balance occurs fre-
quently in repeated toxicity studies. On the
one hand sample size in negative control is
increased due to the Vk-rule, on the other
hand, mortality-related loss of animals oc-
curs (sometimes dose-dependent). Contrast
tests and Dunnett’s procedure can be used in
the general unbalanced case, but for Wil-
liams’ MCP such an algorithm does not seem
to be available.

Ludwig A. Hothorn

SIMULATION RESULTS

A simulation study was performed to com-
pare power between several approaches (all
procedures are level-ot methods), for exam-
ple, k=3+1, a=0.05 n;=const=10,
N(u;,6°=1), pg=0). Only results for se-
lected dose-response profiles will be re-
ported here (Tables 4-7).

Even for monotonic profiles, a uniformly
powerful procedure does not exist. A closure
test using a pairwise contrast reveals an aver-
age power. Adjustment for downturns causes
a power loss, however, the power is higher
than for the unrestricted alternative. For non-
monotonic profiles the power advantage of
the adjusted procedure can be seen. For vari-
ance heterogeneity the power loss of the pro-
cedures based on mean square error can be
clearly seen.

EXAMPLE

Table 8 presents raw data from alkaline phos-
phatase measurement after six months in a
repeated toxicity study in rats. It is easy to
see that a possible downturn at high doses
occurs and that the variances are not homoge-
neous.

Moreover, from historical controls it is
known that the distribution of this endpoint
is heavily skewed. Therefore, nonparametric

TABLE 4
Included Procedures

Procedure Restriction of Alternative*

DU Dunnett (29) MCP unrestricted

Wi Williams (14, 15) MCP: ML-estimation test total ordered alternative

rH Closure test on reverse Helmert contrast Fligner/ total ordered alternative
Wolfe (19)

PC Closure test based on pairwise contrasts Hothorn/  total ordered alternative
Lehmacher (25}

aPC Closure test based on pairwise contrasts adjusted partial ordered alternative
for downturns

wPC Closure test based on pairwise contrasts using partial ordered alternative
Welch tests and adjusted for downturns

Rom Closure test based on linear contrasts adjusted partial ordered alternative
for downturns, Rom et al. (10)

H Closure test on Helmert contrasts total ordered alternative

*All one-sided.
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TABLE 5
Power Estimation for Monotone Dose Response Relationships*

Power Estimation

Closure Tests

W e He DU wi rH PC  aPC Rom H

0 0 1.5 0.89 0.95 0.39 0.96 0.88 0.86 0.97
0.02 0.02 0.05 0.05 0.05 0.05 0.05
0.02 0.02 0.03 0.01 0.03 0.03 0.02

1.5 1.5 1.5 0.78 0.91 0.95 0.88 0.89 0.95 0.95
0.78 0.74 0.93 0.82 0.87 0.94 0.94
0.78 0.70 0.86 0.77 0.83 0.92 0.93

0 0.5 1.5 0.90 0.93 0.57 0.96 0.88 0.92 0.93
0.17 0.14 0.16 0.30 0.21 0.22 0.26
0.02 0.09 0.05 0.04 0.03 0.04 0.04

0.5 1.0 1.5 0.89 0.92 0.86 0.96 0.90 0.93 0.85
0.56 0.69 0.61 0.71 0.62 0.66 0.57
0.17 0.39 0.29 0.27 0.27 0.27 0.23

*Three power estimations for {C—,D,,D,,D;}, {C-,D,,D;} and {C-,D,}.

TABLE 6
Power Estimation for Dose Response Relationships* with
Downturns at High Doses

Power Estimations

W M ps DU wi rH PC aPC Rom H

0.5 15 125 0.76 0.93 0.91 0.87 0.93 0.96 0.91
0.90 0.93 0.82 0.95 0.90 0.92 0.89
0.17 0.30 0.30 0.29 0.30 0.29 0.27

0.5 1.5 1.0 0.56 0.87 0.86 0.72 0.91 0.94 0.90
0.90 0.87 0.81 0.71 0.90 0.91 0.89
0.17 0.30 0.30 0.27 0.30 0.29 0.27

0.5 1.5 75  0.34 0.80 0.81 0.51 0.89 0.92 0.88
0.90 0.80 0.78 0.51 0.89 0.91 0.88
0.17 0.30 0.30 0.22 0.30 0.29 0.27

0.5 15 05 0.17 0.69 0.74 0.30 0.89 0.91 0.88
0.90 0.69 0.73 0.30 0.89 0.90 0.88
0.17 0.29 0.30 0.16 0.30 0.28 0.27

*Three power estimations for {C-,D,,D,,D3}, {C-,D,,D;} and {C-,D,}.
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TABLE 7
Power Estimation for Linear Dose Response Relationships*
in the Case of Variance Heterogeneity

Power Estimations

o, O, O3 DU WI PC wPC  Rom H
1 1 1 0.89 0.92 0.86 0.96 0.95 0.93 0.85
0.56 0.69 0.61 0.71 0.70 0.66 0.57
0.17 0.39 0.29 0.27 0.25 0.27 0.23
2 1 1 0.72 0.81 0.70 0.86 0.95 0.78 0.64
0.33 0.59 0.43 0.53 0.70 0.43 0.41
0.16 0.39 0.23 0.17 0.13 0.17 0.17
1 2 1 0.71 0.86 0.70 0.86 0.95 0.78 0.66
0.40 0.53 0.45 0.51 0.40 0.47 0.37
0.06 0.13 0.14 0.12 0.14 0.12 0.09
1 1 2 0.66 0.62 0.70  0.75 065 075 0.60
0.34 0.40 0.42 0.46 0.51 0.41 0.29
0.06 0.19 0.15 0.12 0.21 0.12 0.09
2 2 1 0.53 0.72 0.58 0.76 0.95 0.63 0.53
0.27 0.46 0.34 0.38 0.40 0.34 0.33
0.09 0.17 0.15 0.09 0.08 0.09 0.10
4 1 1 0.21 0.40 0.31 0.44 0.95 0.29 0.30
0.05 0.23 0.20 0.13 0.70 0.08 0.24
0.13 0.19 0.17 0.04 0.07 0.08 0.12
*Three power estimations for {C-,D,,D,,D}, {C-,D;,D,} and {C-,D;}.
tests are used, because of the small sample CONCLUSIONS

size in the permutative versions. Using the
gold standard nonparametric dose response
test, Jonckheere’s (6) trend test, for the glo-
bal hypothesis the p-value of 0.14 (using
STATXACT, Mehta and Patel, 33) leads to
a conclusion of no dose-response effect.

Alternatively, a PC procedure based on
permutative U-tests is demonstrated in Table
9. This procedure reveals a significant global
trend as well as a local decision on MED =
20 mg/kg.

Real dose-response studies in toxicology are
characterized by:

1. A priori unknown shape of the dose-pro-
file,

2. The possibility of downturns at high doses,

3. The possibility of (dose-dependent) vari-
ance heterogeneity and lack of balance,
and

4. Endpoints other than those which are gau-
Bian-distributed.

TABLE 8
AP Data from a Six-Month Study

D n AP mean s

0 10 17.323.022.510.021.619.7 17.7 20.0 17.9 24.3 19.40 4.079

5 9 17.420.021.511.519.717.019.8 21.5 121 17.83 3.775
10 11 23.919.224.119.117.421.942.124.020.721.9169 22.84 6.881
20 10 24.231.330.717.427.925.7 18.1 21.9 259 19.6 2427 4.959
50 9 19.921.920.917.124.716.329.1 15.3 19.8 20.56 4.341
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TABLE 9
Decision Scheme of a PC Procedure
Hypothesis Tests i Di Criteria Decision
Global [0,50] 0.143 Pmin < 0/4  trend,
{0,5,10,20,50}  [0,20] 0.0084 0.01257 go to the partial
[0,10] 0.171 hypothesis
[0,5] 0.144 {0,5,10}
Partial [0,10] 0.171 Pmin < 0/2  no trend and stop
{0,5,10} [0,5] 0.144 0.0167?

A partial order restricted test based on any
kind of two-sample test can be used. In the
parametric case, the Welch t-test should be
used, because in the homogenous case this
is the t-test and in the heterogeneous case a
correction will be performed on such com-
parisons where the heterogeneity occurs.
This procedure can be used for closure prin-
ciples of interest in toxicology: all-pair and
many-to-one. This principle is based on sim-
ple univariate distribution. It guarantees meth-
odological homogeneity within the toxico-
logical study, for example, repeated toxicity
study could use:

Mortality-time = log-rank test

relationship:
Hemoglobin = Welch t-test
ASAT (heavy = permutative u-test
skewed)
Histological find- = Fisher’s exact test
ings (eg, mid p-values)
Hyperplasia = stratified Fisher’s
exact test
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